Blood flow and vascular shear stress patterns play a significant role in inducing and modulating physiological responses of endothelial cells (ECs). Pulsatile shear (PS) is associated with an atheroprotective endothelial phenotype, while oscillatory shear (OS) is associated with an atheroprone endothelial phenotype. Although mechanisms of endothelial shear response have been extensively studied, most studies focus on characterization of single molecular pathways, mainly at fixed time points after stress application. Here, we carried out a longitudinal time-series study to measure the transcriptome after the application of PS and OS. We performed systems analyses of transcriptional data of cultured human vascular ECs to elucidate the dynamics of endothelial responses in several functional pathways such as cell cycle, oxidative stress, and inflammation. By combining the temporal data on differentially expressed transcription factors and their targets with existing knowledge on relevant functional pathways, we infer the causal relationships between disparate endothelial functions through common transcriptional regulation mechanisms. Our study presents a comprehensive temporally longitudinal experimental study and mechanistic model of shear stress response. By comparing the relative endothelial expressions of genes between OS and PS, we provide insights and an integrated perspective into EC function in response to differential shear. This study has significant implications for the pathogenesis of vascular diseases.
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endothelial cells | systems biology | time-series analysis | RNA-seq | shear stress H emodynamic forces exerted by blood flow on endothelial cells play a significant role in the onset of atherosclerotic plaques, along with cellular elements such as platelets, macrophages, and monocytes (1) (2) (3) . Vascular endothelial cells (ECs) exhibit physiological or pathophysiological responses to hemodynamic forces. Pulsatile blood flow, characterized by a positive mean flow rate, exerts pulsatile shear (PS) on the endothelium and is associated with an atheroprotective endothelial phenotype. Disturbed flow, characterized by irregular flow patterns with little to no mean flow rate, exerts oscillatory shear (OS) on the endothelium, which is associated with an atheroprone endothelial phenotype (1, (4) (5) (6) . Prior research has established the pathophysiologic association of specific waveforms (termed "atheroprone" vs. "atheroprotective"), measured by detailed flow analyses in actual in vivo human arterial geometries that are typically susceptible vs. resistant to atherosclerotic lesion formation (6) . This study (6) provided a key link between in vivo pathophysiology and in vitro modeling that strengthens the rationale for the current systems biology approach.
There are several well-defined mechanisms for endothelial responses to different shears. ECs feature several mechanosensors that include vascular endothelial (VE)-cadherin, integrins, and ion channels (7, 8) . The up-regulation of Krüppel-like factor 2 (KLF2) is a well-established hallmark of endothelial response to laminar flow (and PS) (9, 10) , along with endothelial nitric oxide synthase (eNOS) up-regulation and activity (11) . Compared with laminar or pulsatile flow, disturbed flow impairs endothelial homeostasis through three major processes: (i) It induces higher levels of reactive oxygen species (ROS) via the up-regulation of NADPH oxidase (NOX) and dysfunction of mitochondrial respiration chain (4, 5) ; (ii) it causes a higher rate of endothelial proliferation, in part due to mTOR activation (4, 5) ; and (iii) it elicits a proinflammatory response through the activation of NF-κB and AP-1 transcription factors (TFs), thereby regulating adhesion molecules such as VCAM-1 and E-selectin and cytokines such as MCP-1 (4, 5) .
The mechanisms of EC response to distinct shear stresses have been inferred primarily from signaling and transcriptional measurements (12) (13) (14) (15) (16) . Transcriptional measurements have been carried out at specific time points after the application of stress, providing only snapshot profiles of altered gene expression (14, 17, 18) . To obtain dynamic mechanisms of endothelial response to shear, it is necessary to carry out time-series transcriptomic measurements. In this study, we explore the dynamics using RNAsequencing (RNA-seq) measurements at several distinct time points followed by temporal longitudinal analysis of the mechanisms of response. We present a dynamical map of endothelial response as well as reconstructing the differences in transcriptional regulation across OS and PS conditions. The analysis of temporally Significance Endothelial responses to shear stress modulate vascular homeostasis. This study offers a comprehensive temporal mechanistic model of shear stress response in cultured human vascular endothelial cells by presenting a systematic time-series RNAsequencing dataset on endothelial cells exposed to pulsatile and oscillatory shears, consisting of 10 time points across 24 h. The experimental data were used for pathway analysis and construction of transcription factor-to-gene networks. The model highlights (i) dynamic regulation of several key shear-sensitive endothelial functions relevant to atheroprotective vs. atherogenic phenotype, (ii) how these functions may be causally interrelated, and (iii) how they are regulated by common upstream shear-responsive transcription factors. The results provide insights into the dynamics of functional evolution over time.
longitudinal data shows the evolution of cellular response to stress, implicating genes representing several cellular and tissue functions including oxidative stress, inflammation, and cell cycle. This study provides a detailed, temporally longitudinal experimental study and systems model of endothelial responses to shear stress.
Methods
Culture conditions of human umbilical vein endothelial cells (HUVECs) and shear stress experiments for OS, PS, and low-flow (static, ST) conditions were performed as previously described (19, 20) . See SI Methods for specific details of RNA-seq experiments and data analysis.
Results
ECs were exposed to OS, PS, and ST conditions. RNA-seq samples were collected for 10 time points across 24 h [data available at Gene Expression Omnibus (GEO) with accession no. GSE103672]. Fig.  S1 summarizes the findings from the differential expression analysis. The number of differentially expressed (DE) genes increases over time across all pairwise conditions. As can be seen in Fig. S1A , a majority of DE genes are common in both OS vs. ST and PS vs. ST. However, among this set of DE genes are hundreds of genes that are exclusively differentially expressed in OS vs. ST but not in PS vs. ST, and vice versa. Fig. S1B shows the number of DE genes in OS vs. PS, further highlighting the importance of the type of shear stress in transcriptomic response. To study the specific impact of the type of shear on endothelial cell gene expression, we focus on OS vs. PS differential expression and its mechanistic and phenotypic consequences. We organize the results in terms of phenotypic responses studied as a function of time.
Cell Cycle. Prior work has shown that cell-cycle activity in ECs is higher under OS than PS (21) . Our gene set enrichment analysis (GSEA) results show consistent up-regulation of cell-cycle-related pathways under OS vs. PS, with processes related to G1/S phase transition being among the top enriched Reactome pathways (Tables S1-S4). Fig. 1A represents the G1/S transition pathway obtained from integration of our data, legacy pathways, and literature (22) (23) (24) (25) (26) (27) .
Most of these genes are up-regulated in OS beginning at hours 4 or 6. The major exceptions are CDKN2D and CCND2. CDKN2D is a repressor of G1/S progression; thus its downregulation in OS is consistent with literature (28) . The cyclin D genes do not show consistent differential expression, but the cyclin E genes, which present an alternative pathway to E2F1 activation, are up-regulated over time. The expression profiles observed in our data are consistent with a previous study by Ohtani et al. (29) , which showed that E2F1 overexpression can up-regulate cyclin E but not cyclin D. E2F1-induced cyclin E further activates E2F1, perpetuating G1/S transition, which is reinforced in our data by the similar expression profiles of E2F1 and CCNE2. This is also supported by the dissimilarity between the expression profiles of cyclin D and cyclin E.
E2F1 is a TF activated by CDK-mediated phosphorylation of the retinoblastoma (Rb) protein. It is an essential contributor to the G1/S transition and is responsible for the transcription of various cell-cycle genes, including E2F1 itself (23, 30) . E2F1 shows observable up-regulation in OS vs. PS as early as hour 6, achieving statistical significance in hour 24, which supports elevated G1/S transition activity in OS vs. PS. This finding is consistent with a previous finding that the level of phosphorylated Rb protein, which is necessary for the activation of E2F1, decreases in bovine arterial endothelial cells when exposed to laminar shear stress, particularly after 4 h (31).
To further understand the timing of cell-cycle transition in ECs under shear, global pathway analysis through the ConsensusPathDB platform was performed separately for OS vs. ST and PS vs. ST (27, 32) . We performed a cluster analysis on the ratio of P values between OS vs. ST and PS vs. ST for all functional pathways. Importantly, starting at hour 6, many pathways specific to cell-cycle progression begin to show differences in enrichment in OS vs. PS (Fig. S2 ). This finding, combined with the expression profile of E2F1 and the GSEA results shown in Tables S1-S4, suggests that cell-cycle activities in OS and PS begin to differ between hours 4 and 6 after the initial exposure to shear. (A) G1-to-S transition pathway. G1-to-S transition is dependent on the E2F1 activation through RB phosphorylation, which is facilitated in part by CDK2 (bound to cyclin E) and CDK4 (bound to cyclin D). The CDK proteins must be activated by interacting with the CDK-activating kinase. CDKs can also be inhibited by proteins such as CDKN2D. (B) Reconstructed pathway of oxidative stress and superoxide metabolism. Oxygen in the cell is converted to superoxide, hydrogen peroxide, and finally water. Reactive oxygen species are also known to activate HIF1A, a marker of hypoxia. The metallothionein MT1X, which is thought to be hypoxia-responsive, is also shown. (C) AP-1 family of genes and the antioxidant product NQO1. (D) NF-κB and NF-κB target genes.
The OS-up-regulated cell-cycle activity is concomitant to the enrichment of other prominent pathways such as ribosomal production and activity. The ribosome Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway is among the most strongly upregulated pathways, suggesting a global up-regulation of ribosomal proteins (Table S3 ). The proteasome is also strongly enriched in hours 20 and 24 (Table S3) , potentially indicating an increase in protein expression and degradation, which are in concert with the increase of cell-cycle activity and proliferation under OS.
Oxidative Stress. ECs under OS are known to undergo greater oxidative stress than those under PS (33) (34) (35) . Fig. 1B represents a reconstruction of the oxidative stress pathway based on established genes involved in oxidative stress responses (36) (37) (38) (39) (40) .
The genes that mediate superoxide and hydrogen peroxide production are up-regulated in OS. For example, NOX4 is upregulated, achieving statistical significance as early as hour 2. SOD1 is not differentially expressed, but mitochondrial SOD2 is distinctly up-regulated in OS from hour 2 to hour 6, peaking at hour 4.
The shear-specific transcriptional response of oxidative stress genes varies in OS vs. PS, both in the identity of genes and the timing of their differential expression. Catalase is statistically significantly down-regulated in OS vs. PS starting at hour 9. Glucose-6-phosphate dehydrogenase (G6PD), a potent antioxidant protein involved in the pentose phosphate pathway, is down-regulated in OS vs. PS in some of the early hours and from hour 12 onward (Table S5) . Genes for glutathione peroxidases (GPX1, GPX4, and GPX8) and peroxiredoxins (PRDX2, PRDX4, and PRDX6) were up-regulated in OS vs. PS beginning at hour 20.
NQO1, a gene that produces an antioxidant enzyme (41), is distinctly down-regulated in OS vs. PS starting in hour 9 (Fig. 1C) . JUNB, which transcribes NQO1 (42), also has a distinct expression profile, being significantly down-regulated in OS vs. PS starting in hour 4. JUNB is the only member of the AP-1 family of TFs to be continuously down-regulated in OS vs. PS.
The metallothioneins are a family of proteins that are involved in protection from oxidative stress and are also induced by hypoxia (43) . Several metallothioneins, particularly MT1X, were strongly up-regulated in OS vs. PS, with MT1X achieving statistical significance in hour 9. The OS vs. PS expression of HIF1A, an hypoxia-inducible factor, is up-regulated with a similar time course and achieves statistical significance at hour 4.
Inflammation. ECs exposed to OS exhibit proinflammatory phenotypes through the activation of NF-κB and the up-regulation of several proinflammatory cytokines (13, 44) . The temporally varying expression profiles of NF-κB targets and canonical proinflammatory genes show a sharp OS vs. PS up-regulation between hours 2 and 6 (Fig. 1D) . Peak up-regulation of NF-κB occurs at hour 4, coinciding with the expression peaks for VCAM-1 and E-selectin. MCP-1 (CCL2) and IL8 have clear differences in the magnitude of OS vs. PS differential expression, with both genes exhibiting statistical significance at hours 3, 4, and 6. NF-κB activation has been shown to be influenced by oxidative stress (36, 45) . The temporal profile of the OS vs. PS up-regulation of NF-κB target genes is consistent with those of NOX4 and SOD2 beginning in hour 2 (Fig. 1B) . SOD2 overexpression is abrogated after hour 6, consistent with the alteration of expression of NF-κB target genes within the same period.
Endothelial-Mesenchymal Transition. Endothelial-to-mesenchymal transition (Endo-MT) is a contributor to cardiovascular disease and has been observed in atherosclerotic lesions and severe vasculitis (46, 47) . We defined an "endothelial marker" gene set and a "mesenchymal marker" gene set from gene lists taken from literature (46) . We used these gene sets in GSEA to examine Endo-MT enrichment in OS vs. PS. Fig. S3A shows that endothelial marker genes (e.g., NOS3, VWF, and CD34) are strongly down-regulated as early as hour 6, whereas mesenchymal marker genes (e.g., CDH2, TPM1, and FBLN5) are up-regulated at some time points beginning in hour 12. This suggests that Endo-MT initiation may occur in OS as early as hour 12.
Oxidative stress, hypoxia, and TGF-β signaling have been shown to drive Endo-MT (46) . Genes pertaining to oxidative stress are observed to be up-regulated in OS vs. PS as early as hour 2, while HIF1A is up-regulated as early as hour 4. An investigation of the TGF-β signaling receptors did not reveal a clear direction of regulation in ECs under shear, with a uniform up-regulation of both inhibitors and activators being observed (Fig. S3B) .
Putative Endothelial TF Network. TF-to-gene networks were constructed using the TRANSFAC database and sets of TFs determined to be distinctly down-regulated ( Fig. 2A) or up-regulated (Fig. 2B ) in OS vs. PS. Higher-resolution versions of these networks can be found in Fig. S4 (see also Fig. S5 and SI Methods). Several highly connected TFs were identified within these networks. Among these highly connected TFs down-regulated in OS vs. PS are KLF4, considered to be one of the fundamental mechanosensitive TF genes (48), and JUNB, described above as a transcriptional regulator of the antioxidant gene NQO1. Among the highly connected TFs up-regulated in OS vs. PS are E2F1, described above as crucial to cell-cycle progression from G1 to S phase, and HIF1A, described above as an important TF in response to oxidative stress. Thus, we are able to identify key regulators of endothelial function as hubs that are involved in important endothelial pathways, while also identifying additional TFs of interest such as CEBPB and EGR1. Pathway analysis of these networks revealed several TF-TF interactions distinct in OS vs. PS. The results show a KLF2-RARG-RARB regulatory pathway for preferential OS downregulation and a SRF-EGR1-HIF1A regulatory pathway for preferential OS up-regulation. The expression profiles of KLF2 and RARG indicate that these are strongly down-regulated in OS vs. PS across all time points. The presence of both RXRA and RARG and a RARG:RXRA node targeting RARB suggest that RARG and RXRA form a PS-specific complex for transcriptional regulation through interaction with retinoic acid response elements in the genome (49) . Similar to RARG and KLF2, RXRA is significantly down-regulated in OS vs. PS at most time points.
The early up-regulation of EGR1 in the data in hour 1, followed by the up-regulation of HIF1A starting in hour 2 and achieving statistical significance in hour 4, offers evidence to support the regulation of HIF1A by EGR1 in our system. EGR1 has previously been identified as a high-confidence target of retinoic acid receptors (50) . The expression profile of EGR1 shows a trend of being inverse to that of RXRA. These suggest that the RARG-RXRA complex may repress EGR1 in PS. A schematic of these pathways and their expression profiles is shown in Fig. S4C .
Functional analysis of these targets reveals that the OS-specific TFs EGR1, HIF1A, and E2F1 regulate genes related to a variety of functions (Table S6 ). As expected, E2F1 is shown to regulate a variety of cell-cycle genes, while EGR1 and HIF1A regulate several genes pertaining to inflammatory response and cellular adhesion.
Discussion
Our study offers a detailed temporal map of EC regulation. Prior studies have examined transcriptional regulation from RNA-seq data of ECs under shear stress, albeit at a single time point postshear (14, (16) (17) (18) . A 2012 study generated time-series transcriptional profiles of porcine ECs exposed to shear using microarray techniques and provided an initial insight into temporal mechanisms (12) . Our study, which uses multiple time-series RNA-seq data collected from human ECs subjected to physiological and pathophysiological flow conditions, examines systematically the functional contexts by which the shear-responsive pathways evolve over time. Our longitudinal analysis shows the dynamics of functional pathways, thus providing insights into the causal relationships between cellular response mechanisms as a function of time.
Secondary Effects of Differential Cell-Cycle Activity. Several genes in the cell-cycle pathway have functions external to cell-cycle progression. The E2F TFs can modulate many genes relating to apoptosis, posttranslational modifications, and metabolic functions (23, 51, 52) . A recent study has implicated E2F1 in autophagy regulation, wherein E2F1 transcriptionally up-regulates v-ATPase, thus promoting the trafficking of lysosomes to the cell periphery, activating mTOR, and inhibiting autophagy (53) . This mechanism is consistent with previous findings about mTOR activation under OS (20) and our data on the strong down-regulation of ATG9B in OS vs. PS (Table S5 ). This is also consistent with the recent finding that laminar shear stress induces autophagy via a SIRT1-dependent mechanism (54) . Hence, disturbed flow regulation of E2F1 may have a role in the negative regulation of autophagy. Additionally, repression of autophagy is also associated with Endo-MT (55), which occurs in our study on ECs under OS toward the later hours. The activation of mTOR through E2F1-induced lysosomal trafficking may provide another mechanism by which E2F1 participates in cell-cycle progression in ECs under OS (20) . E2F1 up-regulation begins in the midrange hours of our time-series data on OS vs. PS. This association is supported by the finding that several v-ATPase genes are also up-regulated beginning in the midrange hours (Table S5) . Fig. 3 . Relative differences in gene expression in ECs exposed to OS or PS over time. Pathways and genes in red are up-regulated in OS vs. PS, and those in blue are down-regulated in OS vs. PS. The TGF-β signaling pathway is labeled "mixed" because its genes' expression directions were mixed. Divergence in cell-cycle activity between OS and PS begins by hour 6 with E2F1 up-regulation in OS. This divergent cell-cycle activity may occur through KLF2-and KLF4-mediated repression of E2F1 expression in PS. E2F1 may up-regulate v-ATPase genes under OS, as observed in the intermediate hours postshear. This promotes lysosomal trafficking to the cell periphery, thus activating mTOR and inhibiting autophagy by hour 20. The activation of mTOR by E2F1 may also contribute to divergence in cell-cycle activity through S6K activation (20) . Through CEBPB, KLF4 activates JUNB at hour 4, which may contribute to KLF4-induced inhibition of cell-cycle activity and to antioxidative stress activity in PS. Genes that contribute to ROS production are up-regulated in OS vs. PS by hour 2, and other oxidative stress-related genes exhibit changes up to hour 24. This increased ROS production activates NF-κB and promotes several early-response genes pertaining to inflammation such as MCP-1 and VCAM-1. Inflammation-related genes show changes during hours 2-9. KLF2 transcriptionally activates RARG, which forms a heterodimer with RXRA and may repress EGR1 activity. EGR1, along with ROS production, transcriptionally activates HIF1A, which are all up-regulated in OS vs. PS. HIF1A is observed to be up-regulated beginning in hour 4 and may contribute to angiogenesis and to Endo-MT. Endo-MT may occur in OS beginning in hour 12. Oxidative stress and autophagy repression, both of which occur in OS, also contribute to Endo-MT.
The cyclin-dependent kinases have been shown to have roles that are external to the cell cycle. Activated CDK4 has been shown to phosphorylate DNMT1 (56) . ECs under disturbed flow have been observed to undergo DNA hypermethylation via DNMT1 (57) . The up-regulation of CDK4 in OS vs. PS in the middle hours and onward ( Fig. 2A) suggests that DNA hypermethylation may also occur under OS within a similar time frame. It has also been shown that CDK2 can phosphorylate the histone methyltransferase EZH2 (26) . EZH2 expression is up-regulated in OS vs. PS in the later hours in our dataset (Table S5) . CDK2 has been shown to inhibit FOXO1, a multifunctional TF that is coupled with cellular metabolic and survival pathways (26) , and hence we examined the downstream targets of FOXO1 to infer the temporal profile of CDK2 phosphorylation activity in ECs. FOXO1 has been shown to transcribe CDK inhibitors such as CDKN2D and CDKN2B (58) . As shown in Fig. 1 , we observe that cyclin E, a CDK2 activator, is up-regulated in OS vs. PS through most time points and achieves statistical significance at hour 24. We also observe CDKN2D to be strongly down-regulated in OS vs. PS at most time points. Therefore, we postulate that CDK2 may regulate FOXO1 at the protein level beginning in the early hours. These findings suggest that CDK2 is active and may be activating EZH2. The CDK2-mediated activation of EZH2, along with the CDK4-mediated activation of DNMT1, suggests that DNA hypermethylation in ECs under OS can be explained in part by increased cell-cycle activity under OS. These findings also provide mechanistic links connecting shear stress-regulated cell-cycle activity and epigenetic regulation.
Secondary Effects of Differential Oxidative Stress Activity. JUNB has been implicated in cell-cycle processes in addition to transcribing antioxidant genes such as NQO1. JUNB, whose protein level is cell-cycle-dependent (59), has been shown to inhibit G1-S phase transition via up-regulation of CDK inhibitors such as CDKN2A, in addition to inhibiting the expression of cyclin D (59) . Thus, JUNB expression may have a role in suppressing cell-cycle progression under PS, although these specific effects of JUNB may require additional data to explain. It has been suggested that peroxiredoxin 1 (PRDX1) is a mechanosensitive antioxidant that is up-regulated in laminar shear stress in bovine aortic ECs (60) . Although PRDX1 was not significantly regulated in our dataset, PRDX2, PRDX4, and PRDX6 were all up-regulated in OS vs. PS in the later hours. Our observed results with these peroxiredoxin genes are partially corroborated with publicly available HUVEC data in which transcripts measured 72 h after laminar shear stress show a significant down-regulation of PRDX2 and PRDX4 (18) . This suggests that the oxidative stress response under OS may involve multiple peroxiredoxin proteins.
TF Network: KLFs as Master Regulators. KLF4 has been shown to induce CEBPB expression and can bind directly to the CEBPB promoter (61) . Time-series ChIP-sequencing (ChIP-seq) studies in mouse liver regeneration systems have shown that mouse Cebpb can bind within 2,000 bp upstream of the mouse JunB transcription start site, with this interaction being strongly observed in hour 3 after a partial hepatectomy (62) . In our study, CEBPB downregulation in OS vs. PS occurs primarily in the early hours, achieving statistical significance in hour 4. This may suggest that CEBPB up-regulation is dependent on the initial imposition of stress on the cell. JUNB is statistically significantly down-regulated in OS vs. PS in hour 4, concurrent with the down-regulation of CEBPB. These findings suggest that a KLF4-CEBPB-JUNB regulatory pathway is activated in the early hours of shear response. Based on our analysis, we postulate that this pathway has functional consequences in cell-cycle suppression and oxidative stress response in the later hours. A previous study has demonstrated that KLF1 can inhibit E2F2 by binding to an intronic enhancer region (63) . Hence, we investigated the ability of KLF2 to directly regulate E2F1. HUVEC chromatin state segmentation displayed on the University of California, Santa Cruz (UCSC) genome browser (64) (65) (66) predicts an enhancer region within the first intron of E2F1 from the transcription start site. Scanning of this region using available binding motifs for these TFs from TRANSFAC (67) detected KLF4 and KLF2 motifs in both the forward and reverse strands. This raises the possibility that KLF2 and KLF4 regulate and repress E2F1. This repression can be observed at the mid hours in our data set, when E2F1 expression diverges between OS and PS.
Mechanisms Revealed from Distinctly Expressed Genes. Several genes were found to be PS-distinct (up-regulated in PS vs. ST and downregulated in both OS vs. ST and OS vs. PS in at least one time point) or OS-distinct (down-regulated in PS vs. ST and up-regulated in both OS vs. ST and OS vs. PS in at least one time point) and are discussed in Fig. S6 and SI Discussion.
Combined Gene-TF-Phenotypic Network. In this study, we present a dynamic view of the response of ECs to differential shear stress. Fig. 3 shows the putative regulatory network derived from this system-wide time-series analysis between OS and PS. Through detailed pathway analysis, we elucidated several key molecular hubs (e.g., TFs) that instigate distinct transcriptomes in ECs subjected to atheroprone OS vs. atheroprotective PS. Our study verifies and extends the previously studied mechanisms and pathways to provide an integrated perspective on the regulation of cellular functions that lead to defined endothelial phenotypes. Further, the transcriptional regulation mechanisms provide insights into causality of mechanisms that lead to stress responses. The kinetic hypotheses derived in this work also serve to define experiments in animal models that can have implications for diseases such as atherosclerosis. The systems biology approach used in this study may well serve as a template for future studies in which the input datasets would be derived via various highthroughput "-omics" techniques. These might provide a window on regulatory events at the epigenetic and posttranslational levels that could have important pathophysiologic implications.
